COOK, R. J., and A. M. SMITH. 1977. Influence of water potential on production of ethylene in soil. Can. J. Microbiol. 23: 81 1-817. Ethylene production at different soil water potentials was studied in a high organic matter, red basaltic soil from a rain forest avocado grove of Queensland, Australia, and in a Latah silt loam from a recropped wheat field of Idaho, U.S.A. The soils were sealed under air or N, in glass vials and incubated at 25 and 35"C, respectively. Although the two soils differed in physical and chemical properties, in water content -water potential relationships, and in amount of ethylene produced, the relationship between ethylene production and water potential was virtually identical for both soils: maximal at saturation, reduced by -1 bar. and nearly prevented by -5 bars or slightly lower. Onset of ethylene production was earlier under N,. but total ethylene produced and the water potential-ethylene production relationship were about the same under both N, and air. Osmotic adjustments of the soil water potential with KC1 solutions resulted in more ethylene production bctween -I andabout -15 bars, but littleornoethyleneproductionbelow -22bars.
Introduction
Ethylene, at relatively low concentrations in soil, suppresses germination of sclerotia of Sclerotiutn rolfsii (19) , stimulates germination of seeds of witch weed (10, 27) and other seeds (I) , and reduces root growth of certain cereals (24, 25) . Balis (2) suggests that ethylene induces other volatiles to form and (or) cause soil fungistasis. In Texas (1 l), ethylene injected into soil increased yields of cotton and sorghum. Ethylene is produced naturally in soil (19, 22, 23, 25) , but the conditions necessary for endogenous production or accumulation of soil ethylene are not fully defined.
Conditions shown to favor ethylene production or accumulation in soil include high temperatures (22, 23) ; anaerobic conditions (21, 23, 25) ; soil compaction (23) ; absence of NO, (2 1, 23); addition of organic amendments (5, 21, 23) ; and high moisture levels (21, 22) . Soil aeration favors oxidation of ethylene, possibly by soil organisms (8) . Soils vary in their ability to adsorb ethylene (27) . This evidence suggests that opportunities for ethylene production and accumulation in soil may be limited somewhat to warm, wet soils. On the other hand, earlier experiments (21) indicated that although ethylene production was maximal when the soil was wetter than -0.5 bars water potential, some production occurred at water potentials as low as -10 to -5 bars. Many soil microbiological processes, e.g. nitrification (9, 19) , although maximal at relatively high water potentials, occur down to -10 to -15 bars and, thus, are important in agriculture over a wide range of soil conditions.
The conditions required for ethylene production can also be used to indicate which major group(s) of microorganisms are involved in ethylene production in soil. We (21) concluded earlier that bacteria must be involved because of the high water potential requirement. Several bacteria from soil and water have been shown to produce ethylene (17) . Soil bacteriological processes are commonly limited by -10 to -15 bars (3, 6, 9, 16, 26) , whereas soil fungi generally grow at water potentials well below -15 bars (7, 12) . We suggested further that the bacteria must be spore formers because soil treatments with moist heat up to 80°C/30 min did not prevent ethylene production, whereas 121°C/2 h prevented ethylene production and apparently killed the producers (21). These findings, together with the evidence that anaerobic conditions increased ethylene production (21, 22, 25) , led us to conclude that anaerobic spore-forming bacteria were involved. The studies reported herein give more specific and greater attention to the soil water potential requirements for ethylene production as an approach to clarify further the relative contributions of soil bacteria compared with soil fungi in ethylene production in soil, and IL. VOL. 23. 1977 also as a means to define further the soil conditions necessary for ethylene production.
Materials and Methods

Soils
Two soils were used in these studies: a red basaltic, high organic matter soil from an avocado orchard located on a rain forest site on Mt. Tamborine, about 40 mi south of Brisbane, Queensland, Australia; and a Latah silt loam from a low-lying flat in a recropped wheat field near Genesee, Idaho, in an area known collectively as T h e Palouse. The Queensland soil has received considerable organic amendments over the past 35 to 40 years, and recently it has attracted interest and study because of its ability to suppress Phytophthora root rot of avocado (4) . Some details on its properties have been published (20) . The Palouse soil was collected in April, 1975, and contained partially decomposed wheat straw incorporated the previous September; plants of the current crop were in the tillered, rosette stage at the time of soil collection. The Palouse soil had about 3 . 0 z organic matter and a pH of 5.5 in 0.01 CaC12. Both soils were air-dried for 4 to 5 days, passed through a 2-mm screen, and stored airdried for subsequent experiments. Work with the Queensland soil was conducted in the laboratory of the junior author in December-January, 1973; work with the Palouse soil was conducted in the laboratory of the senior author in October-November, 1975.
Adjustment of Water Polentials
Water potentials of the air-dried soils (oven-dry water contents known) were adjusted by adding water to 100-g soil aliquots in 3-mil thick polyethylene bags (7.5 cm x 10 cm x 25 cm). Sufficient water was added to provide water potentials that ranged from about -0.3 to -50 bars. The water was mixed with the soil by inflating the bag, and shaking and kneading the soil from outside the bag. The bags were then rolled tightly, to compress the soil and encourage unsaturated flow within the moistened soils, and incubated overnight a t 4'C to allow further equilibration. Each sample was then distributed among 12 vials (8 for the Palouse soil) at 5 g of soil (on an ovendry basis) per vial. The vials were tapped sharply on the table top to compact the soil of each treatment to a bulk density of 1.0 to 1.1 g/cm3, and sealed then with new rubber septa. The vials with the Queensland soil were incubated at about 25°C. Those with the Palouse soil were incubated at 35'C because this soil has a lower ethyleneproducing potential than the Queensland soil and 35°C helped to increase the amount produced (24) . Actual water potentials were measured in soil from the vials at the end of each experiment by Peltier thermocouple psychrometry (6) . Water contents on an oven-dry basis were also determined with soil from the vials at the end of each experiment. Water content -water potential relationships for the two soils treated as described above are given in Fig. 1 .
As an additional treatment within each experiment, soil (5 g on an oven-dry basis) was added, air-dry, to replicate vials and wetted from the surface with 4 and 2 ml of water for the Queensland and Idaho soils, respectively. This amount of water was sufficient to saturate the respective soils, yet left no free water standing on the soil surface. In another experiment, the soil water contents were adjusted uniformly to 80 and 40% (v/w) with 4 and 2 ml of water for the Queensland and Idaho soils, respectively, using KC1 solutions to give osmotic water potentials over the range of -I to -44 bars. This experiment was to determine whether the effect of low water potential on ethylene production related to reduced energy status of the water, or to lower water content and thus thinner water films and less continuity of water-filled channels and pores (12) .
Cor~~purisorrs between Anaerobic versus If~itiully Aerobic Corrdit iorrs
Half of the vials of each water potential treatment were evacuated and returned to standard pressure with N, five or six times. The other half of the vials were left in equilibrium with the air (21% oxygen) in the head space and soil pores. As reported (21), the sealed vials with 2 l x initial 0, content may have only 2 to 3 x oxygen after a few days at 2S°C, presumably because of consumption by aerobes. Thus, another possible effect of water potential could be on aerobes, by affecting their growth and, hence, rate of oxygen consumption necessary to create anaerobic sites for ethylene production. This experiment was to help distinguish between possible effects on oxygen consumption versus more direct effects on anaerobic processes that lead to ethylene production.
Measrrrenrent of Etlrylene
Ethylene was monitored in the headspace of the vials in I-ml gas samples removed at regular intervals for about 20 days. One millilitre of N, (or air) was returned to each vial after each sample was removed. Vials used for the Queensland soil were about 14 ml in volume; those for the Idaho soil were about 1 1 ml in volume. Five grams of these two soils occupied about 3 and 2 ml, respectively, and with 4 and 2 ml of water added, respectively, about 7 ml of space in each vial was occupied by gas. Ethylene concentrations are expressed as ppm in the headspace 'or as ng/lO g soil. Ethylene was measured by flame ionization gas chromatography as described (21).
Results
In soils sealed under a n initial atmosphere of air, ethylene production was maximal in the wettest treatments (saturation), was reduced somewhat at -1 bar, and was nearly prevented at a water potential of -5 bars or slightly below (Figs. 2A, 3A, and 4A) . Moreover, although the Queensland soil produced about twice as much ethylene as did the Palouse soil (Table l) , the ethylene production -soil water potential relationship was proportionally the same for the two soils (Fig. 4A) .
Starting the soils under N, initially favored a slightly earlier onset of ethylene production (Figs. 2B and 3B), but by 10 to 13 days, there was essentially no difference between the two atmospheres. The Queensland soil again produced twice as much ethylene as did the Palouse soil, but the ethylene production -soil water potential relationships under N, was the same for the two soils (Fig. 4B) .
Osmotic adjustment of the soil water potential (i.e., KC1 treatments) also resulted in maximal ethylene production in the 'wettest' treatments in both soils and progressively slower ethylene production with each successive reduction in water potential (Figs. 3C, 5A, and 5B). In the largely matric system (water potential adjusted by water content), the decrease in ethylene production was greatest between saturation and -5 bars water potential, but in the osmotic system (KC1 solutions), ethylene production decreased proportionately with each drop in osmotic water potential down to -22 bars, where it was prevented, or nearly s o (Table 1) . In the Queensland soil, there was an inexplicably high level of ethylene production, with the salts and under N2, already by 24 h after the solutions were added (when the first measurements were made) (Fig. 5B) . N o such 'burst' in production occurred when KC1 was added t o the Palouse soil. At the termination of the experiments with the Palouse soil, the measured osmotic water potentials for the soils were -0.5, -4 to -5, and -9 t o -13, for the solutions that were initially -1 . l , -8.9, and -16, respectively, suggesting a shift to higher water potential with time in this soil amended with the dilute KC1 solutions. The terminal and initial values were the same for soils at -22 and -44 bottle-type rubber septum probably allowed bars. Measured values of the Queensland soil some loss of ethylene by leakage. On this basis, treated with KC1 solutions agreed closely with the first 10 to 15 days of incubation probably all theoretical values based on water potential can be characterized as the period of greatest of the solutions added.
production, but thereafter, production no longer kept pace with or surpassed the disappearance Discussion of ethylene. The sampling times of 10 to 15 days The amount of ethylene in natural soil (and in were chosen for this reason to prepare Fig. 4 and the headspace of the sealed vials used in our Table 1, recognizing that actual amounts of study) is a net figure of production minus con-ethylene were probably higher than the data sumption, decomposition, and escape. Users of indicate. Actual amounts were not considered ethylene are known (8) , and were probably as important as relative amounts in assessing the active in our system. Moreover, the serum influence of water potential. The results show that ethylene production in both soils decreased sharply as the soil water potential was lowered from saturation to -5 bars or slightly lower. This is strong evidence for the involvement of soil bacteria in ethylene production, because such findings fit the known pattern of water potential effects on bacteriological processes in soil (6, 9, 19, 20, 26) . In contrast, our findings do not agree with known water potential effects on fungal growth and activity in soil (7, 12) .
If M~rcor. lziernnlis (16) , or soil fungi more generally (13, 14) are the main ethylene producers in soil, one would expect at least some correlation between ethylene production and conditions known to favor soil fungi. Undoubtedly many microorganisms contribute to the amount of ethylene present in soil, but because ethylene production is greatest at high water potentials, at temperatures near or above 35°C (23) , under anaerobic conditions all point to bacteria more than fungi, and anaerobes Inore than aerobes, as important sources of ethylene in soil.
In soils adjusted to different water potentials by water content (matric), ethylene production was greatly reduced at -5 bars and below. In contrast, with adjustments by KC1 solutions (osmotic, with water contents uniformly high), water potentials of -22 bars and possibly lower, were needed to reduce ethylene production greatly. This is evidence that at least part of the sensitivity of ethylene production to water potential is indirect, possibly through limitations on diffusion of nutrients and (or) wastes in the thinner water films and smaller water-filled channels. This confirms a theory of Griffin (12) , that water films and channels are important in explaining the sensitivity of bacteria in soil to reduced water potential. On the other hand, the production of ethylene at a lower osmotic versus matric water potential is not surprising since many organisms have been shown to grow at lower osmotic compared to matric soil water potentials (7) .
Although ethylene production is sensitive to decreased water potential, its production over the range from saturation to -5 bars or lower seems biologically significant because this is the range of water potentials at which most plants grow.
